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light for 45 to 75 s. Next, the photoresist was developed by immersing the sample in Microposit MF-319 solution for ~ 30 to 60 s. After rinsing by deionized water and drying, the sample was cleaned using an oxygen plasma to remove residual organics and then transferred to a DC magnetron sputtering system (AJA International) where Pt (99.99 % purity) was deposited in 3 milltorr Ar. The growth rate was approximately 10 nm min -1 and the total thickness approximately 200 nm. Metal liftoff was performed by immersing the samples in acetone at room temperature. The above procedure was repeated for the other side of the substrate to make a symmetric cell.
Additional Physical Characterization
Epitaxy of the film was confirmed by X-ray diffraction ( Figure S1 ). In-plane diffraction pattern shows the expected four-fold rotation symmetry of the (220) Torr H 2 , 600 °C (reducing condition) using 19 eV electrons. The patterns are consistent with a first-order diffraction from SDC(100). These diffuse features are due to secondary electrons.
Electrochemical Impedance Spectroscopy
A one-dimensional Poisson-Nernst-Planck transport model has been proposed and validated for the thin film solid-state electrochemical cell utilized here. 1, 2 This transport model, discussed briefly below, is used to determine the bulk oxidation state,
3+
[Ce ] bulk , from the impedance response. We consider mixed oxygen vacancy and electron conducting thin films grown on both sides of a pure ion-conducting substrate. Because of the aspect ratio of the thin films used here, the rate of oxygen incorporation and release upon perturbation in SDC is limited by surface reactions rather than by bulk transport. By further supposing that oxygen ion transfer across the ceria-gas external interface is the rate-limiting step, the model predicts a single half-circle arc in the Nyquist plot described by the following equivalent circuit: 
where V is the thin film volume, e is the electron charge, z is the formal charge,  is the chemical potential, and c is the defect concentration. Subscripts "ion" and "eon" denote the ionic defect (oxygen vacancy in this case) and the electronic defect (polarons), respectively. In heavily-doped ceria such as the SDC, the bulk defect chemistry is well-known. ). Combining these expressions with Eq. (S1), we obtain the following relationship between the chemical capacitance and the electron concentration:
In a wide band gap semiconductor such as ceria ( g E  6 eV), electron-hole pair formation due to thermal excitation is negligible. Therefore, the polaron concentration can be directly correlated to the bulk oxidation state, with A typical impedance spectrum is shown in Figure S4 in the Nyquist form. A small high-frequency feature is visible, which is not predicted by the impedance model. It has been shown elsewhere that this feature is related to the electronic current constriction near the perimeter of the buried metal current collector. 4 We account for this effect by adding an additional resistor-capacitor network in series with equivalent circuit. Furthermore, we also observe that the main arc in the Nyquist plot takes a slightly depressed semi-circular shape, rather than a perfect half-circle. This non-ideal behavior can attributed to the dispersion in the characteristic frequency, for example, due to variation in the film thickness. To account for such non-ideality, we replace the ideal capacitor in the parallel resistor-capacitor network with a constant-phase element, with the impedance given as 
XPS Quantification Procedure
The Ce 3+ concentration was quantified using two independent methods based on (1) valence band (localized Ce 4f) and (2) core level (Ce 3d) photoelectron spectra. Upon removal of oxygen from ceria, the gap state located approximately 1.5 eV above the O 2p band edge appears and has been assigned to occupied, localized Ce 4f orbitals. [5] [6] [7] [8] [9] Accordingly, the peak area can be used to determine directly the average Ce oxidation state. Here, the Ce 4f integrated area is normalized to the Ce 4d area, the latter of which originates from both Ce [Ce ]
where (Photon Flux) (Cross Section) (Angular Efficiency)
is the photon-energy-dependent normalization factor and A is the integrated peak area (the entire peak area is used when no final state is indicated in the subscript). Photon flux was measured experimentally at the beamline using a calibrated photodiode whereas the theoretically-computed atomic subshell photoionization cross sections and asymmetry parameters were taken from reference 10. In this analysis, it is assumed that 4f occupancy is predominately in the gap state rather than in the O 2p-Ce 4f hybridized orbital, i.e., it is fully localized. It was verified experimentally that the gas-phase X-ray attenuation was not a strong function of h between 270 eV and 390 eV. 
Because of the proximity of the Sm 4d and Ce 4d binding energies, the same photon energy was used ( h = 390 eV) and the electron attenuation length was assumed to be the same. The quantification result is shown in Figure S5 . A linear background was used for Ce 3d, Ce 4d, and Sm 4d photoemission, whereas a Shirley background was used for the valence band spectra.
To examine the consistency of the two quantification methods,
3+
[Ce ] surf determined from Ce 3d and Ce 4f analysis are plotted against each other in Figure S6 . Overall, good linearity is obtained, with the slope close to 1. 
Effective Attenuation Length

Calculation
The effective attenuation length (EAL) was calculated using the NIST Standard Reference Database   82   12 based on the TPP-2M predictive equation for the electron inelastic mean free paths. The parameters used for the calculation are summarized in Table S1 . Because the composition changes near the sample surface, it is important to examine how this affects the EALs. Specifically, the EALs were computed for two compositions: Sm 0.2 Ce 0.8 O 1.9 (bulk) and Sm 0.5 Ce 0.5 O. The variation in EALs was less than 6 % in the kinetic energy range examined. Therefore, the scattering properties are taken to be uniform within the sample. Table S1 . Parameters used for calculating the effective attenuation length of Ce 4f photoelectrons.
*The six 5p electrons in Ce are included in the valance electron count as they contribute strongly to the energy-loss spectrum. , where  is the electron emission angle with respect to the surface normal), we obtain the following expression for the corrected composition of the surface overlayer:
To carry out this correction, the overlayer thickness needs to be specified. While this quantity is not available experimentally, a lower bound can be readily estimated. By recognizing that
3+
[Ce ] ol cannot exceed one and assuming that the layer thickness does not change with experimental conditions, one obtains:
Because the EAL depends on the overlayer thickness, we solve the equation iteratively. Dopant concentration in the overlayer is estimated in the same manner.
Using Eq. (S7), the upper-bound limit for the 3+ [Ce ] at the outermost surface is, for all temperature and pressure conditions, a factor of 2.5 -2.6 greater than shown in Figure 2 , with the lowest and highest values being 0.64 and 1.0, respectively. The variation of oxidation state with oxygen activity (i.e., the slope in Figure 2 ) and the chemical potentials are essentially unchanged. Assuming the same segregation length scale for Ce 
Surface OH Concentrations
Surface OH concentration was qualitatively assessed by comparing O 1s photoelectron spectra collected under humidified and dry conditions. We first measured the O1s spectra under H 2 -H 2 O atmospheres at 650 °C. Subsequently, we evacuated the chamber to <10 -7 Torr at ~460 °C, backfilled with 7 x 10 -6
Torr O 2 , and collected an O 1s spectrum after equilibration. As evident in Figure S7 , the spectra taken under dry and wet environments are qualitatively similar to each other and do not show a significant change in the high binding energy shoulder (OH is expected at ~2.5 eV above the lattice oxygen peak 14 )
. Based on temperature-programmed desorption results, OH on CeO 2 begins to decompose at ~230 °C.
14 Given our much higher sample temperature, we expect that any surface OH species would have desorbed from the surface at 460 °C under < 10 -7
Torr. This data suggests that surface OH coverage is very low at 650 °C, particularly when compared to that of the Ce 3+ concentration.
We did not attempt to analyze O1s spectra further due to the lack of reference spectra under high temperature, ambient pressure conditions. We speculate that the high binding energy shoulder could be due to surface lattice oxygen, surface oxygen vacancy defects, or impurities. Figure S7 : O 1s spectra at various conditions at 650 °C. For clarity, the binding energy of the lattice oxygen peak is aligned to that in the spectrum taken under oxidizing condition (slight energy shifts are observed due change in the electron chemical potential in ceria upon interaction with the gas). Intensity is also normalized to the lattice oxygen peak. Measured at a photon energy of 800 eV.
